20 21 Rapid Alkalinization Factor (RALF) are cysteins-rich peptides ubiquitous in plant kingdom. They 22 play multiple roles as hormone signals, starting from root elongation, cell growth, pollen tube 23 development and fertilization. Their involvement in host-pathogen crosstalk as negative regulator 24 of immunity in Arabidopsis has also been recognized. In addition, RALF peptides are secreted by 25 different fungal pathogens as effectors during early stages of infections. Campbell and Turner 26 previously identified nine RALF genes in F. vesca v1 genome. Here, based on the recent release of 27 Fragaria x ananassa genome and F. vesca reannotation, we aimed to characterize the genomic 28 organization of the RALF gene family in both type of strawberry species according to tissue specific 29 expression and homology with Arabidopsis. We reveal the presence of 13 RALF genes in F. vesca 30 and 50 in Fragaria x ananassa, showing a non-homogenous localization of genes among the 31 different Fragaria x ananassa subgenomes associated with their different TE element contents 32 and genome remodeling during evolution. Fragaria x ananassa RALF genes expression inducibility 33 upon infection with C. acutatum or B. cinerea was assessed and showed that, among fruit 34 expressed RALF genes, FaRALF3-1 was the only one upregulated after fungal infection. In silico 35 analysis and motif frequency analysis of the putative regulatory elements upstream of the 36
Introduction
In plants, several small secreted peptides (SSPs) function as hormone signalling molecules 47 to respond to internal and external stimuli [1] . SSPs are known to be involved in different 48 processes, ranging from organs growth to biotic and abiotic responses [2, 3] . 49 Rapid alkalinisation factors (RALFs) are cysteine-rich SSPs originally identified for their 50 ability to rapidly alkalinize tobacco cell culture (4). They are ubiquitous in plant kingdom with 37 51 members identified in Arabidopsis thaliana genome alone [5, 6] . RALF genes are translated as pre- 52 pro-peptides and activated in the apoplast through proteolytic cleavage. Besides the signal 53 sequence necessary for extracellular extrusion, canonical RALF proteins contain distinctive amino 54 acid motifs, such as the RRILA motif for S1P protease recognition [7] and the YISY motif, important 55 for signaling cascade activation [8, 9] . In addition, four conserved cysteines form two disulfide 56 bonds stabilise the mature RALF proteins. Based on these features, RALFs have been classified 57 into four major clades [6] ; clades I, II and III contain typical RALF peptides, whereas clade IV groups 58 the most divergent RALF peptides, lacking RRILA and YISY motifs, and in some cases containing 59 only three cysteines. 60 RALF peptides bind to the Catharanthus roseus Receptor Like Kinases 1 -like family protein 61 (CrRLK1L) known to be involved in cell expansion and reproduction throughout the plant kingdom 62 [10]. The large CrRLK1L receptor family which includes FERONIA (FER) receptors, previously 63 reported to interact with Arabidopsis RALF1 and RALF23 [11, 12] , Buddah's Paper Seal 1, 2 64 (BUPS1/2), ANXUR1, 2 (ANX1/2) protein, which interact through their ectodomain and bind to 65 RALF4 and 19 in pollen the tube (13) and THESEUS1 (THE1), the RALF34 receptor in roots (14) . 66 Binding RALF peptides to CrRLK1L receptors also involve other interacting partners such as Lorelei-4 67 like-Glycosylphosphatidylinositol-Anchored proteins (LLG1,2,3) [9, 15] and Leucin-Rich Repeat 68 Extensins (LRX) have been reported to bind RALF4/19 in the pollen tube [16, 17] and to interact 69 with FER, as part of cell wall sensing system responsible for vacuolar expansion and cellular 70 elongation (18) . RALF binding to receptors leads to a number of different intracellular signaling 71 events involving different molecular components, mostly still unidentified. However, it is known 72 that in A. thaliana binding of RALF1 to FER receptor results in plasma membrane H(+)-adenosine 73 triphosphatase 2 phosphorylation, causing the inhibition of protein transport and subsequent 74 apoplastic alkalinization (11). 75 RALF peptides regulate a variety of different functions such as cell expansion (11), root 76 growth [19] , root hair differentiation [20, 21, 22] stress response [23] , pollen tube elongation and 77 fertilization [13, 16, 24, 25] . Recently, it was reported that in A. thaliana, RALF peptides act as 78 negative regulators of the plant immune response to bacterial infection [12] , since the binding of 79 processed RALF23 to the FER receptor inhibits the formation of the complex between the immune 80 receptor kinases EF-TU RECEPTOR (EFR) and FLAGELLIN-SENSING 2 (FLS2) with their co-receptor 81 BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1), which is necessary to initiate 82 immune signalling. Interestingly, biologically-active RALF homologs have also been identified in 83 fungal plant pathogens, possibly following interspecies horizontal gene transfer, pointing to a role 84 for fungal RALF genes as virulence factors [26] . In fact, a RALF-homolog fungal peptide is 85 fundamental for host alkalinisation and infection by Fusarium oxysporum [27] . Since for many 86 pathogenic fungi alkalinisation is important for activation of virulence factors and successfully 87 infection of plant tissues, secreted RALF peptides may act as initial effectors to promote host 88 alkalinisation at early stage infection, when hyphal biomass is not sufficient to secrete a large 89 quantities of ammonia [28] 157 and Botrytis cinerea strain B05.10 were grown on PDA plates for 15 days. Detached fruits were 158 dipped for 30 s in a 10 6 conidia per mL suspension or in water as negative control and incubated Table S2 . members were identified in the Fxa octoploid strawberry (S1 Table) . Paralogous genes (orthologs 295 to particular FvRALF genes) were identified in the Fxa subgenomes from alignment (S3 Figure) and 296 phylogenetic analysis ( Fig 1A) and progenitors lineage were inferred from chromosome 297 localization ( Fig 1B) Fxa subgenomes, probably due to gene loss events occurred during evolution or polyploidy 310 adjustment ( Fig 1A) . and three in clade I ( S1 Table) . designed to amplify genes that are expressed in fruit (FaRALF1-1, FaRALF3-1, FaRALF6-1, FaRALF7 - FaRALF8-1, FaRALF9-1 and FaRALF13-1) , which included orthologs to AtRALF33 (FaRALF3-1,   423 FaRALF8-1, FaRALF9-1 and FaRALF13-1).
424
FaRALF3 shows a significant expression increase induced by infection with both pathogens 425 at the susceptible ripe stage, whereas FaRALF9 expression decreased in white fruits upon C. 426 acutatum but not upon B. cinerea infections (Fig 3) . The expression of FaRALF8 and FaRALF13 427 were not affected by infection, since no significant difference between infected and control 428 samples was observed either in white or red fruits (Fig 3) . Figure) but respond differently to pathogen infection, suggesting a different 437 role for these peptides. 438 Furthermore, the N-terminus sequence alignment of FaRALF1-1, FaRALF3-1, FaRALF7-1, FaRALF8-439 1a and FaRALF13 peptides with AtRALF23 ( Fig 4A) shows that residues directly involved in LLG2 are conserved in FaRALF3 (Fig 4B and C) , suggesting a similar binding mechanism and 20 446 complex formation. In Arabidopsis, AtRALF23 binding to FERONIA and LLG proteins leads to 447 negative immunity response regulation, however further analyses will be required to test 448 FaRALF3-1 effectiveness binding to MRLK47 in fruits. 449 Finally, the expression of FaRALF1, FaRALF6 and FaRALF9 are decreased during infection, 450 thus it is possible that these FaRALF gene members may play different roles than RALF3 homologs 451 do during plant-pathogen interaction and immune response. FvRALF3 promoter Agrobacterium-medieted reporter assay 569 In order to assess FaRALF3 putative promoter function and identify possible pathogen-responsive 570 regulatory elements, three progressive truncated fragments of FaRALF3-1 upstream sequence 571 consisting of the above described 588 bp sequence (T6), a 200 bp deletion (T4) and 400 bp 572 deletion (T2) (Fig 6A) , were cloned into pKGWFS7 vector and fused to two tandem reporter genes 573 eGFP and β-glucoronidase (GUS) (S1 Figure) . Agrobacterium-mediated transient transformation of 574 white Fxa fruits was performed through injection of bacteria transformed with the three 575 constructs. Fruits were infected with C. acutatum and analyzed for both reporter genes activity at 576 24 hpi, through quantification of eGFP expression in qRT-PCR and histochemical GUS assay for β-25 577 glucuronidase activity. GUS reporter activity, visualized as blue color of fruits, showed great 578 variability among infected and mock-infected fruits ( Fig 6B) . Consistent to this, no significant 579 difference was shown in the eGFP transcript level quantified in C. acutatum infected versus control 580 fruit. This is possibly due to the fruit response to Agrobacterium itself, independently from the 
